Realizingthe Long Range Planat RHIC
Opportunities in Spin and Cold QCD Physics



SPIN + Cold OQCD Recommendations

The upgraded RHIC facility
provides unique capabilities
that must be utilized to explore
the properties and phases of
quark and gluon matter in the
high temperatures of the early
universe and to explore the
spin structure of the proton.

= [ RP recommendation |

We recommend a high-energy
high-luminosity polarized
EIC as the highest priority for
new facility construction
following the completion of
FRIB.

- L RP recommendation Ill



DIS + SIDIS mmm RHIC projection

with 90% C.L. band including 500 GeV data
. DIS + SIDIS + RHIC EIC projection
U O n p I n [pa g e 3 6] wilhl_‘)g% C L. band Vs =78 GeV

* RHICinclusive jet and pion asymmetries
provided the first evidence of significant
gluon polarization inside the proton.

» This contribution was highlighted as a
significant achievement since the last LRP.

* RHICcould push sensitivity to lower x
gluons (~103) by reconstructing dijets in
the forward region
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e DATA: p+p V/s=500GeV 1.1 fb

 DETECTOR: forward charged and neutral
particle detection for jet reconstruction plus
tracker for vertexing.




Transverse Momentum Distributions [page 16]

Expandtraditional 1D momentum PDF’'s = 3D'!

Correlations between proton spin and parton
transverse momentum are sensitive to orbital
angular momentum. Effects are encapsulatedin a
PDF called the Sivers function.

Theoretical efforts initially driven by QCD spin
community but are essential in particle physics as
well, for example in describing Higgs production.

As in collinear case, interpretation of datarests on
robustness of the theoretical framework and
experimental tests of factorization and evolution.
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Transverse Momentum Distributions [page 18]

“ESTAR projections o .af STAR projections
 RHIC will test TMD factorization and 0 e T
evolution via measurements of the

single spin asymmetry of
reconstructed , and bosons

and forward e+e- pairs.
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arXiv:0903.362_9
no TMD evolution arXiv:1401.5078

* Asymmetries also provide new - Uncerainty 028 — Tub evolved
. Uncertainty on sea quarks
constraints on [ ] yonsead

functions.

DATA : p+p v/s= 500 GeV 400 pb* DETECTOR: W/Z needs EMCaland charge sign discrimination at mid-rapidity.
DY needs forward EMCal + pre/post shower for QCD background suppression.



Transverse Momentum Distributions [page 18]

I L] L] L] . Ny -
* TMD's may also be studied in fragmentapon. 500 75 = (%) 310 GeV
The Collins FF encapsulates the correlation N
.0z T * (p) =129 GeV i /¢

between the transverse spin of the quark 200 7
and the transverse momentum of the
fragmentation hadrons.

 The Collins function is accessible the single
spin asymmetry At of the azimuthal
distribution of charged pions, kaons and
protons inside of a jet.

* Measurements of A ; will test the
universality and evolution of the Collins FF.

DATA : p+p Vs = 500 GeV 400 pb? DETECTOR: mid-rapidity pion, kaonand proton PID, charged and neutral
particle detection for jet reconstruction and tracker for vertexing.
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Transverse Momentum Distributions [page 18]

I ] ] [} . : -
* TMD's may also be studied in fragmentapon. 500 7 = ()% _ 310 Gev
The Collins FF encapsulates the correlation N
: p, ) = 12.9 Ge Z
-t ) =129 GeV F

between the transverse spin of the quark | 200 7
and the transverse momentum of the
fragmentation hadrons.

 The Collins function is accessible the single
spin asymmetry At of the azimuthal
distribution of charged pions, kaons and With 400 pb errors a
protons inside of a jet. 500 GeV = 200 GeV

* Measurements of A ; will test the
universality and evolution of the Collins FF.

DATA : p+p /s =500GeV 400 pb DETECTOR: mid-rapidity pion, kaon and proton PID, charged and neutral
particle detection for jet reconstruction and tracker for vertexing.
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Transverse Momentum Distributions [page 18]

* Mid-rapidity A, samples | toey <20 | — * Torino 2007

dan Xrange of 0.02-0.2. n* Soffer Bound
— 7" Torino 2007

* RHIC could push sensitivity  gisiuliss n° Soffer Bound
to high x (> 0.3) as well as N - o
lower x (~103) by
reconstructing jets and
charged hadrons (h*/h’) in
the forward direction.

* Measurements of A1 will
test the universality and
evolution of the Collins FF.

<x,> =0.2818 <x,> = 0.3059 <x,> =0.3518 axp =
<x,> = 0.0045 <x,> = 0.0052 <x,> = 0.0067 <x,>=0.0136 .

01 02 03 04 05 06 07 08 09 0.1 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09 0.1 02 03 04 05 06 07 08 09
z z z

DATA : p+py/s=500GeV1.1fb*  DETECTOR:Charged signseparationfor h+/h- (no PID), charged and neutral
particle detection for jet reconstruction and tracking for vertexing.



Generalized Parton Distributions [page 16]
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* GPD’'s provide asnapshotofthe i

spatial distributions, as a function of -
momentum fraction, ofthe quarks e

and gluonsinside the proton. E 2
_Q>~
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Gluon Spectroscopy (page 19

* The nature of the strong force allows gluons to interact with each other, suggesting that
gluons could bind together and form new states of gluonic matter called glueballs.

* Search for exotic statesongoing at Hall D at JLAB, LHCb and soon at Belle-II.

* Double Pomeron Exchange

Double Pomeron Exchange
proton
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Quark and Gluon Properties in Nuclei [page 201

* Decades of DIS data serve as input to the quark
and gluon momentum distributionsin proton.
Limited data indicatesthat these PDFs change
when the proton residesinside nuclear matter.
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* DGLAP predictsQ?, but not A orx dependence. —
Saturation models predictAand x, but only a It DSz 06 | o it il DSst
R 5 HKNOT 5} o HKNOT
limited range of Q2. |

.2 .1
X 10

* Needan and large for
fixed x in order to reduce existing errors on
nPDFs and test saturation models.

DATA : p+p y/s= 200 GeV 300 pb
p+Au /s = 200 GeV 1.8 pb-
p+Al /s =200 GeV 12.6 pb*

¥102-S1Q ‘usunmypined ‘H



Quark and Gluon Properties in Nuclei [page 201

* Decades of DIS data serve as input to the quark
and gluon momentum distributionsin proton.
Limited data indicatesthat these PDFs change
when the proton residesinside nuclear matter.

* DGLAP predictsQ?, but not A orx dependence.
Saturation models predict Aand x, but only a
limited range of Q2.

* Needan and large for
fixed x in order to reduce existing errors on
nPDFs and test saturation models.

* Channels include for gluon

— DSSZ
F=% +run 15
. + proj. data

— EPS 09
E=% +run 15
B + proj. data

DATA : p+p Vs = 200 GeV 300 pb™
p+Au /s = 200 GeV 1.8 pb
p+Al /s = 200 GeV 12.6 pb~

DETECTOR:
Direct - y needs forward EMCal+preshower.



Quark and Gluon Properties in Nuclei [page 201

* Decades of DIS data serve as input to the quark
and gluon momentum distributionsin proton.
Limited data indicatesthat these PDFs change
when the proton residesinside nuclear matter.

* DGLAP predictsQ?, but not A orx dependence.
Saturation models predict Aand x, but only a
limited range of Q2.

* Needan and large for
fixed x in order to reduce existing errors on
nPDFs and test saturation models.

DATA : p+p y/s=200GeV 300 pb
p+Au /s = 200 GeV 1.8 pb-
p+Al /s = 200 GeV 12.6 pb

_ DETECTOR:
* Channels include for gluon Direct - y needs forward EMCal+preshower.
and for sea quarks nPDFs. DY needs forward EMCal+HCAL+ tracker package.



Quark Properties in Nuclei page 20]

e LHC constraints are

minimal due to hlgh Q2. Measurements with A = 56 (Fe)
W.Z° pPb Vs = 5 TeV
- LHCb - CMS/ATLAS - ALICE
m VA DIS (CCFR, CDHSW, CHORUS, NuTeV)

* Kinematic space of RHIC
measurements iS e eA DIS (E-139, E-665, EMC, NMC)
different bUt starting up: JLab-12
complementary to that
proposed by the EIC.
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Quark Properties in Nuclei page 20}

* Recentwork by Kaufmann, Mukherjee and
Vogelsang proposesto accessfragmentation
functions by taking the ratio of jets yields with
identified hadronsto inclusive jet yields.

* These techniques can be exploited to study how
these FF change with inside nuclear matter.




Quark Properties in Nuclei page 20}

360 pb' p+p ¥S=200 GeV
180 pb;]N p+A {5=200 GeV

XX

p;'=6.0-7.1 GeV/c

444

pr'=11.7-13.8 GeVic

HEdE o

p;'=19.2-22.7 GeVic

1

p' + p(Au) — jet + n* + X
{78 p+p, Vs =200 GeV (STAR Preliminary 2012)
[ o:». 15 =200 GeV (STAR proj. stat. 2012+2015)
B o+Au, Vs = 200 GeV (STAR proj. stat. 2015)
B o+Au. Vs =200 GeV (proj. stat. 2023)

Jetx; = 0.13

Closed points: «*; Open points: &

We can also study spin dependent
fragmentation effects — completely new
and unique to RHIC!



Gluon Saturation [page 371

Rapid rise of gluon distribution at low x is due to
gluon splitting. Eventually gluon recombination
dominates and distribution must turn over. This
pointis called the saturation scale Q..

1,33, ny=3

2<p’;  [GeV]

1<p'; ([GeV] <2

—_ (Q20p=0.168 GeV')
— = PQ,=2GeV)
B pA(Q,=0168GeV)
Lt pA Q) =02GeV)

Rezaeian
PRD 86, 094016 (2012)

* The clearest signals to
detect the onset of
saturation at RHIC are
correlation observables
such as y+jet and di-jets

in the forward direction.

* Aids in theoretical
development and
design for EIC.

NMC
‘]]D BCDMS
. E665
D SLAC
E] CCFR

DATA : p+p y/s= 200 GeV 300 pb
p+Au /s = 200 GeV 1.8 pb
p+Al /s =200 GeV 12.6 pb

DETECTOR: Directy PID and charged +
neutral particle detection for jet
reconstruction.



BEAMS | /s (GeV) | £ (pb™) PHYSICS MOTIVATION

p'T‘+p TMD factorization and Evolution
Sea-Quark Sivers Function
Universality and Evolution of Collins FF
Constraints on d/0 PDFs

1.
12 wks 2
3
I = ] 4.
RHIC's ability to collide 5. GluonGPDE
- 6. Glueball Search
polarized protonsand [ Ty |5 (e s
a variety of ion species [ 10wks 8. Lowx AG *
allows it to make very
unique contributions
to the goals outlined

1. Nuclear PDFs (DY¥*)

2

3
by the cold QCD and pT+Au 200 1.8 Adependence of

1.

2

3

A

Proton FFs in nuclear matter
Spin dependent FF in nuclear matter

pT+p 200 300
8 wks

Spin community in the 8 wks Nuclear PDFs (DY*)

Proton FF in nuclear matter
Spin dependent FF in nuclear matter
Gluon saturation signals *

2015 Long Range Plan.

pT+Al 200 12.6
3 wks SAME as pT+Au




This talk was a birds-eye view of some
compelling cold QCD physics. For more
details please see:

* ColdQCD + Spin plenary talk by Elke Aschenauer
* https://www.bnl.gov/aum2016/content/plenary/psi1.php

* RHIC Cold QCD and Spin White paper

* arXiv:1602.03922

* NSAC Long Range Plan Document

* http://science.energy.gov/np/nsac/



More still?



Anti-Quark Momentum Distributions [page 1s]

* Sea anti-quark momentum distributions
are not highly constrained by SIDIS data
p+poW +X—et+X

 Ratioofd/U issensitiveto the flavor STAR Preliminary
asymmetry of the sea first seen by NMC Is = 500/510 GeV
and NAg1 and mapped out by FNAL 866.

—a@— STAR Preliminary ‘[ L =102pb

e RHIC constrainsd/U via measurements of L T Sysomato ey
. . . j'.jjx" [ ] mcrmcTio
the W+/W- cross-section ratio. e RGBS 8BS

- CHE-CT10

====:~~- RHICBOS-CT10

* Including Run 13+ 17 datawill reduce
statistical error by afactor of 3.

DATA : p+p Vs = 500 GeV 400 pb DETECTOR: EMCaland charge signdiscrimination for midrapidity tracks.



Transverse Momentum Distributions [page 18]

* TMD’s may also be studied in fragmentation. o
: : pl+p—jet+a" + X
The Collins FF encapsulatesthe correlation T e e
between the transverse spin of the quark 0| |l o-mocer

proj. stat. 2012+2015)

and the transverse momentum Ofthe . «  p4p, V5= 500 GeV (Preliminary 2011)

. p+p, Vs =500 GeV (proj. stat. 2017)

(
(
(
(
fragmentation hadrons.

 The Collins function is accessible via
measurements of the single spin asymmetry
A7 of the azimuthal distribution of charged

pions, kaons and protons inside of a jet. TR
et X; = U.
* Measurements of A will test the Cosadpons ' Open i

universality and evolution of the Collins FF.

DATA : p+p v/s= 500 GeV 400 pb DETECTOR: Pion, Kaon and Proton PID and charged + neutral particle
detection for jet reconstruction.



current data for Collins and Sivers asymmetry:

e COMPASS h*: P, <1.6GeV
O HERMES  «%* K% P,;<1GeV

" JLab Hall-A =" P, <0.45 GeV

Y STAR W bosons

® RHIC 500 GeV -1 <m < 1 Collins
O RHIC 200 GeV -1 < n < 1 Collins
||

RHIC 500 GeV 1 <m < 4 Collins

<<= STAR-pp DY Vs =500 GeV
=<o<5 JLab 12 (upcoming)
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Valence
Quark

Sea
Quark

gluons

reweighted R,

reweighted R,
(EPS &CT)

AlxJe "p 12 'o3sewly "N
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Projected constraints from Direct y and
DY R,

— DSSZ — EPS 09
E== +run 15 E=% +run 15
B + proj. data B + proj. data




Transverse Momentum Distributions [page 18]

2 001
N <
* RHIC will test TMD factorization 0
and evolution via measurements_of |
the single spin asymmetry  of . 001
reconstructed , and bosons Vo 0.02
and forward e+e- pairs. - SN |
s -0.03
* Asymmetries also provide new | 004 s
constraints on R y
functions.

BEFORE “Evolution” AFTER “Evolution”

DATA : p+p v/s= 500 GeV 400 pb* DETECTOR: W/Z needs EMCaland charge sign discrimination for mid-rapidity
tracks. DY needs EMCal + pre/post shower for QCD background suppression.



